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Abstract

In the adult, immune and neural processes jointly modulate pain. During development, both are in
transition and little is known about the role that the immune system plays in pain processing in
infants and children. The objective of this study was to determine if inhibition or augmentation of
the immune system would alter pain processing in the infant rat, as it does in the adult. In
Experiment 1, rat pups aged 3, 10 or 21 (PN3, PN10, PN21) days of age were pre-treated with
NS398 (selective COX-2 inhibitor) or SC560 (selective COX-1 inhibitor) and tested in the
intraplantar formalin test to assess effects of COX inhibition on nociception. Neither drug had an
effect on the behavioral response at PN3 or PN10 pups but both drugs attenuated nociceptive
scores in PN21 pups. cFos expression in the spinal cord likewise was reduced only at PN21. In
Experiment 2, pups were injected with LPS prior to the formalin test at PN3 and PN21. LPS
increased the nociceptive response more robustly at PN21 than at PN3, while increasing cytokine
mRNA equally at both ages. The augmentation of pain responding at PN21 was largely during the
late stages of the formalin test, as reported in the adult. These data support previous findings
demonstrating late maturing immune modulation of nociceptive behaviors.

INTRODUCTION

The immune system is intimately involved in pain. But during development there are a
number of transitions, some gradual, some abrupt, in both neural processes that regulate pain
(Fitzgerald, 2005) and in the immune system (Bilbo and Schwarz, 2012). How these
processes come together during development to process and modulate pain following tissue
damage is not known in any detail (Titinchi and Clark, 1984; Bilbo and Schwarz, 2012).
Because infection in human neonates is more common than at any other age (Fanos et al.,
2007; Polin et al., 2012) and because large numbers of infant and child patients undergo
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multiple and long-term medical procedures that are necessary but painful, it is important
clinically to understand how immune processes and neural systems engage each other during
development.

In the study presented here, we examined the age at which specific cyclooxygenase (COX)
inhibition, the mechanism by which NSAID’s act, transitions from inactive to analgesic in
the preweaning rat pup. The extent data show that COX inhibitors do not alleviate pain
following peripheral tissue injury in infant rats. For example, general COX inhibitor
(ketorolac) was not analgesic in the formalin model of nociception in 3 day old rat pups
(Gupta et al., 2001), and systemic or intrathecal administration of SC560 (a selective COX-1
inhibitor) did not alter paw withdrawal thresholds in two-week old animals (Ririe et al.,
2004; Ririe et al., 2006). Thus it appears that at least some pain inhibitory actions of COX
inhibitors are not functional in young rat pups. The first goal of these studies was to study
more closely the developmental course of action of specific COX-1 and COX-2 inhibitors
on the pain response in infant rats and to define the age at which both inhibitors become
effective.

Upregulation of the background immune system augments pain (Grace et al., 2014). In the
adult, lipopolysaccharide (LPS), stimulates the immune system (Voituron et al., 2012) and
enhances pain in human and non-human models through cytokine activation (Watkins et al.
1994; Yirmiya et al., 1994; Cunha et al., 2000; Reeve et al., 2000; Cahill et al., 2003;
Bressan et al., 2006; Cao et al., 2009; Benson et al., 2012; Yoon et al., 2012). In the few
studies that have investigated LPS and nociception in infants, a single intrathecal injection
of LPS had a small but statistically significant hyperalgesic action at 10 days of age, which
was less than that of the adult (Moss et al., 2007; VVega-Avelaira et al., 2007). LPS injected
systemically at PN2 and PN4 (50 pg/kg; PNO is birth) induced hyperalgesia in the formalin
test at PN 12 and PN21, but not PN6, demonstrating an age dependent effect. The
interpretation of this age dependent effect is complicated because the age of LPS injection
and the time between LPS and nociceptive testing were not independently varied. Therefore
the LPS effect may be developmental but also might be due to the delay between LPS
treatment and testing (Zouikr et al., 2014). We hypothesized that LPS would increase
nociception and enhance nociception-induced pro-inflammatory processes only in older rat
pups, and further predicted that in the older pups, the effect would be mainly in the later
phases of the formalin test, as it is in the adult (Padi and Kulkarni, 2005).

MATERIALS AND METHODS

Experimental Animals

All experiments were approved by IACUC’s at New York State Psychiatric Institute and the
Children’s Hospital of Philadelphia, where the experiments were conducted, and followed
Ethical Guidelines of the Society for Neuroscience and the International Society
Developmental Psychobiology.

Subjects were Long-Evans hooded rats (3, 10 or 21 days old) bred and born in our animal
facility. Within a given litter, animals were randomly assigned to experimental groups. The
pups were housed with their mothers in plastic cages measuring 40 x 20 x 24 cm with
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bedding, food and water available ad libitum. The colony room was maintained at 24°C with
a 12 h light-dark cycle (lights on at 08:00 hours). Cages were checked twice a day at
approximately 9:00 and 18:00 hours and pups found at either time were designated 0 days of
age. Pups were separated from their mothers immediately prior to the experiment and were
kept warm using incubators and heating pads.

Formalin test

Paw Edema

To assess nociception, formalin (2%) was injected into the plantar surface of the left hind
paw. Female and male pups, 3 days of age (PN) received 10ul, PN10 pups received 20 pl
and PN21 pups 50ul of formalin (all ~1 pl/g body weight). The formalin test was chosen
because it produces a robust response across ages and for which there are substantial prior
data (Guy and Abbott, 1992; Barr, 1998; Teng and Abbott, 1998). We did not include saline
injections because intraplantar saline does not elicit nociceptive responding. Nociceptive
behaviors were scored and recorded for 45 minutes, starting immediately after the formalin
injection. These behaviors were recorded at 1-minute intervals using a 5 point score scale.
Score 0= paw resting on surface (similar to the un-injected paw), score 1= body weight
favoring injected paw, score 2= injected paw lifted up above the surface, score 3=shaking
injected paw, score 4= licking and/or biting injected paw. The scale includes a range of
behaviors allows for the changing motor abilities of the pups with age. The scores are lower
in the younger animals because of limited motor abilities (e.g. licking and biting are rare at
PN3), and the interphase of the test, seen in adults and older pups, is diminished at PN3,
likely due to limited descending inhibition (Guy and Abbott, 1992; Teng and Abbott, 1998).
It should be noted, that despite their youth, and fetuses and pups increase their behavioral
responses to increased nociceptive input, and that measures such as lifting or shaking the
paw correlate highly with formalin concentrations(Teng and Abbott, 1998).

To assess whether COX inhibition altered paw edema, the dorsal-ventral and lateral
diameter of the right and left hindpaw of each pup were measured two hours after formalin
injection using calipers accurate to 0.001 mm. These measurements were multiplied to
obtain a “volume” score for the 1 mm segment that was measured. The right hindpaw served
as a control for the degree of inflammation in the formalin-injected left hindpaw.

Drug preparation and administration

The drugs used were NS398 and SC560 [Cayman Chemical (Ann Arbor, MI)]. 70% DMSO
(Sigma Aldrich) served as the vehicle. Rats were injected with DMSO (all injections, 1ml/
100g body weight, i.p.), or NS398 (COX-2 Inhibitor) or SC560 (COX-1 inhibitor). Three
drug doses were used for each drug (3, 10 and 30mg/kg i.p.); these doses were taken from
the literature in adult and infant animals (Tegeder et al., 2001; Ririe et al., 2004; Ndengele et
al., 2008). Although the experimenters knew the drug that was tested, they were blind to the
dose, including vehicle. After the drug injection, rats were then placed into the temperature
controlled testing chamber for a one-hour habituation period and then injected with
formalin.
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LPS (Sigma, Cat. # L6511), an endotoxin from gram-negative bacteria, acts through TLR4
receptors, and was initially tested at several concentrations taken from the literature
(0.001%-0.04%; 10 pl/g body weight). We tested only 3- and 21-day old pups, and not
PN10 pups. We settled on a dose that did not produce obvious illness or weight loss
(0.001%; 100 pg LPS/kg body weight; ~1ug or ~4 pg/animal in 100 or 400 pl i.p. for 3 or 21
day old pups respectively). This dose is consistent with those reported in the literature for
adult rats [e.g. (Yirmiya et al., 1994)]. We injected LPS or saline 4, 8, 16 or 72 hours before
the formalin test and assessed the nociceptive responses as described. In studies in adult
animals, LPS enhanced formalin induced nociception at 12 and 16 hours after LPS, but at
not at 0 (immediate) or 4 hours after LPS (Padi and Kulkarni, 2005). Immune activation
occurs early after LPS (Philbin et al., 2010; Voituron et al., 2012) and in our model, mRNA
cytokines and immune related cells were stimulated at 4 hours and remained so for up to 16
hours.

Quantitative PCR

Statistics

Spinal cord lumbar dorsal horn was excised at different times after the formalin injection for
the 3- and 21-day-old pups. c-Fos mRNA was analyzed by quantitative PCR (gPCR) using
Tagman methods for both PNO3 and PN21 pups. We also assayed c-fos at the 2 hour post-
formalin time point in pups that had been treated with SC560 and NS498 to provide a
separate confirmation of the behavioral data (Barr et al., 2005; Barr et al., 2009). For the
LPS experiments gene expression of a number of immune markers and cytokines was
assessed at 4, 16 and 72 hours after LPS injection to parallel the time course for the
behavioral experiment. All primers are shown in Table 1. We did not have complete data at
the 8 hour time point for the PCR analysis and do not include it here.

All data were analyzed by factorial analysis of variance (ANOVA) followed by posthoc
analysis using Sidak’s test to correct for multiple comparisons. For the formalin test, the
behaviors were combined into 3-minute bins to reduce minute-by-minute variability and
were a within-subjects variable. The dose response studies were conducted within a single
litter, with different pups within a litter receiving all doses and the vehicle. Thus these doses
were within litter variables and were analyzed by a repeated measures design to account for
the genetic and environmental commonalities within litters (Wainwright, 1998; Festing,
2006). Although the rating scale is ordinal, parametric statistics were used because the
distribution of the scores was reasonably normal. A discussion of the type of analysis
appropriate to types of statistical variables is found in Marascuilo and McSweeney
[(Marascuilo and McSweeney, 1977), see also (Ponten et al., 2012)].

The overall edema “volume” score was analyzed by an ANOVA with the drug dose a
repeated measures (e.g. litter) effect. For the PCR data, relative expression (2722Ct) was
compared using GAPDH as the loading control. Separate analysis of GAPDH cycles showed
no effects of experimental treatment. Different ages were analyzed separately by a one-way
repeated measures ANOVA on the 272Ct PCR cycles for each primer. Posthoc comparisons
between the saline and LPS injections were at each time point (4, 16 or 72 hours post-
injection), also by Sidak’s test.
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The results for both drugs were similar. SC560 and NS398 attenuated nociceptive scores in
PN21 animals but had no effect in either PN3 or PN10 pups (PN3 dose effects: p=0.638 and
0.939 for SC560 and NS398 respectively; PN10 dose effects: p=0.065 and 0.277 for SC560
and NS398). Note that the trend in main effects and the trend for a bin X drug dose
interaction (see below) for SC560 are towards increased nociception towards the end of the
test session. Each drug was quite effective at PN21 [F(3,30)=11.89, p<0.0001 for SC560;
F(3,21)=7.35, p=0.0015 for NS398; Figure 1]. Post hoc comparisons of the doses with the
control at PN21 showed significant effects of all three doses of SC560 (p=0.0057, p=0.0007,
p<.0001 for the low, medium and high dose) and for the medium and high dose for NS398
(p=0.052, 0.001, 0.004). For each drug at all ages there was a bins effect (p<0.0001) but no
bin X drug dose interaction (all p’s>0.10 except SC560 at PN10, p=.093). Thus there is a
transition in the age of analgesic onset of COX-1 and COX-2 inhibitors that is late in the
preweaning period, confirming and expanding on prior studies (Gupta et al., 2001; Ririe et
al., 2004).

c-Fos expression

Edema

c-Fos mRNA in un-drugged animals was increased at both ages for up to 4 hours at PN3 and
up to 2 hours for PN21 after the formalin injection (Figure 2A). At three days of age, neither
SC560 nor NS398 altered c-fos expression at two hours (Figure 2B; all <1.5 fold compared
to the vehicle control) whereas at PN21, both drugs reduced expression over 1.5 fold at each
dose for both drugs, confirming the behavioral results (Figure 2C).

Paw volumes were calculated for the injected paw (dorsal-ventral X lateral dimensions).
These were 35 to 70% larger on the injected side compared to those of the contralateral paw
[F(1,32)=366.4 for NS398; F(1,23)=213.4 for SC560; p<0.001 for both; Table 2). There
were no drug effects that were specific to the injected paw.

LPS Effects on Behavior

We compared LPS to saline across the 15 three-minute bins at each age and time point with
an overall ANOVA. For the older 21 day old pups, there were main effects of LPS treatment
at 8 and 16 hours points after the LPS injection and trends at 4 and 72 hours [main effects of
treatment; 4 hours: F(1,8)=4.64, p=.063; 8 hours: F(1,8)=14.59, p=.005; 16 hours:
F(1,8)=9.38, p=.016; 72 hours: F(1,5)=6.13, p=.076]. At PN21, interactions of the effects of
LPS at different bins in the test were significant at 4 and 8 hours [Interaction effects:
F(14,112)=2.87, p=.001; 8 hours: F(14,112)=2.58, p=.003]. LPS enhanced nociception only
in the later time points, consistent with the adult literature (Padi and Kulkarni, 2005). At
three days of age, there was a significant treatment effect and interaction of bins and LPS
only at 16 hours [Interaction effects: F(14,84)=6.93, p=0.040; main effects of treatment
F(1,6)=6.93, p=.039; (Figure 3)].
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LPS effects on immune related mRNA

LPS in the formalin test had significant and broad effects on inflammatory cytokines at both
ages. There were smaller but significant effects on GFAP, IBA-1 and COX-2 at PN3 and
GFAP and COX-2 at PN21, At 3 days of age, the effects lasted through 16 hours, returning
to controls levels by 72 hours (Figure 4A; PNO3, N=6, all F’s (4, 25) F=5.35 to 50.27; p=.
005 to .0001). Results were similar for PN21 except the effects were shorter-lived (Figure
4B; PN21, N=5, all F’s (4, 20) F=5.35 to 48.72; p=.005 to .0001).

DISCUSSION

Major findings
The major behavioral findings are two-fold and are consistent with the literature in infants.
First, SC560 and NS398, which are consistently analgesic in acute inflammatory pain in
adults, were not analgesic at PN3 or PN10 pups but were strongly so at PN21. Both COX
inhibitors also reduced c-fos mMRNA in the spinal cord at PN21 but not PN3.

LPS enhanced nociception to a greater extent at PN21 than at PN3. The effects were modest,
largely in the later phases of the formalin test, as has been reported for both adult and infant
animals (Padi and Kulkarni, 2005; Zouikr et al., 2014). The second, prolonged phase in the
formalin test is likely mediated by NMDA glutamate receptors (Smythe and Pappas, 1985;
Ignar and Kuhn, 1988). The late onset of the pro-nociceptive effect of LPS In the infant rat
is consistent with results of others using different methods. Intrathecal injection of LPS had
a small effect on tactile withdrawal thresholds at PN10 compared to PN21 (Moss et al.,
2007). ATP-activated microglia injected intrathecally had no effect on tactile allodynia at 10
days of age, a small effect at PN16, and an adult-like action at PN21. In the present studies,
the effects of LPS on behavior did not parallel either the time course its effects on the
immune system, nor the age dependent differences. In particular, at 3 days of age the
proinflammatory effects of LPS lasted 4 to 16 hours after LPS treatment, whereas at PN21,
these effects were largely at baseline levels by 16 hours. Intrathecal LPS also increased
numbers of microglia (Iba-1 staining) at ages at which it had no effect on nociception (Moss
et al., 2007). Thus although LPS is less pronociceptive in the younger pups, it is effective in
stimulating cytokine and microglia production at these ages. Because we did not assay
protein levels, we do not know time course of changes, if any, in cytokine protein levels.

Effects in the human infant

The strong NSAIDs ketorolac and ibuprofen, or the weak NSAID paracetamol
(acetaminophen) are routinely given to infants and neonates. Open trials and clinical
experience suggest that they are effective. There are, however, few double-blinded studies to
corroborate these clinical observations. Ketorolac or ibuprofen can be effective in children
(Bertin et al., 1996; Tuomilehto and Kokki, 2002; Hong et al., 2010), even as efficacious as
opiates (Keidan et al., 2004; Jo et al., 2011), although the effect may be short lasting [(Bean-
Lijewski and Stinson, 1997; Pickering et al., 2002); see (Michelet et al., 2012; Wong et al.,
2013) for reviews]. Others however have found no pain relief greater than placebo (Schoeler
et al., 2012). When combined with other analgesics, ketorolac is reported by some to be as
effective in reducing opiate use (Laudenbach et al., 2002; Yan et al., 2011) whereas other
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found no advantage adding NSAIDs to other analgesics (Enkvist et al., 1996; Brum et al.,
2006; Lynn et al., 2011).

Two recent meta-analyses found that both ketorolac and paracetamol reliably reduces pain
and opiate requirements in children older than three years of age (Michelet et al., 2012;
Wong et al., 2013). Their effectiveness is less clear in infants. In three studies with infants
17-28 months of age on average, there was significant sparing of opiate use with
paracetamol (Hong et al., 2010; Hong et al., 2010; Mireskandari and Makarem, 2011).
However, in younger infants aged 0-9 (median age 0) or 12 months, closer to the PN3 and
PN10 rats used here, paracetamol was not effective as an adjunctive treatment nor did it
reduce pain scores (Bremerich et al., 2001; van der Marel et al., 2007). Thus the question of
efficacy of cyclooxygenase inhibitors in neonates is still open.

Possible Mechanisms

In the infant, activation of the immune system has consequences. For example, LPS worsens
outcomes following brain injury as early as 1 day of age in rats and mice (Lee et al., 2000;
Xue and Del Bigio, 2005; Brochu et al., 2011) and human infants can mount an
inflammatory immune response within a few days after birth (Fotopoulos et al., 2005),

Since the immune system can be stimulated early in life, why peripheral tissue injury does
not engage in immune system in the infant puzzling. Many pain processes that activate the
immune system in the adult are immature in the infant. For example substance P and GABA
are immune-modulators [see for review: (Bost, 2004; Tuluc et al., 2009; Douglas and
Leeman, 2011; Jin et al., 2013) but have delayed developmental trajectories in modulating
pain (Fitzgerald and Gibson, 1984; King et al., 2000; King et al., 2000; King and Barr, 2003;
Baccei and Fitzgerald, 2004; Hathway et al., 2006; Zouikr et al., 2014). Thus injury that
involves immune processes through either of these two neurotransmitters would have no
consequence early in life. In contrast, glutamate immune interactions (Pascual et al., 2012;
Takaki et al., 2012; McKenna, 2013) would be expected to alter pain processes in the
neonate since glutamate has an early role in pain modulation (Bardoni et al., 1998; Bardoni
et al., 2000; King and Barr, 2000; Baccei et al., 2003; King and Barr, 2007). It also follows
that the timing of the maturation of immune function relative to that of pain processes will
have long-term consequences for later nociceptive processes (Boisse et al., 2005; Hody! et
al., 2010; Wang et al., 2011).

COX inhibitors may act through different, yet unspecified, mechanisms that are immature at
the ages tested here. One possibility is that the products of the cyclooxygenases, PGH,, one
of the downstream synthases, or the prostaglandins themselves, are not pro-nociceptive in
the infant as they are in the adult (Hu et al., 2008). If prostaglandins have no role in pain
induction in the infant, their inhibition would have no effect. We know of no data that
addresses this question.

LPS stimulated the production of multiple cytokines at both ages, yet was more
pronociceptive at PN21. LPS has complex effects on multiple physiological systems that
may be age specific. To provide but two examples, LPS in the adult rat is pyrogenic
(Romanovsky et al., 1996; Fraifeld and Kaplanski, 1998) but produces hypothermia prior to
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21 days of age (Kaplanski et al., 1997). It is possible that the mild hyperthermia reported at
PN21 (~0.6° C) contributed to the effect at that age (Kaplanski et al., 1997). Likewise, LPS
stimulates an inflammatory response that disrupts the blood brain barrier triggering
microglia to release a number of neurotoxic substances [reviewed in (Hagberg and Mallard,
2005)]. The blood brain barrier is developing during early postnatal life and its immaturity
may attenuate the effects of LPS by some as of yet unknown mechanism.

Conclusions

Not all drugs that target the immune system and that are effective in adults may be equally
effective for infants. Due to the limited availability of effective pain relieving drugs for this
population of infants, opiates remain the most used analgesic. Ketorolac and other NSAIDs
are routinely given to infants and neonates and open trials and clinical experience suggest
that they are effective after 2 years of age, but good controlled studies in neonates and
premature infants are few.

Given the major side effects that accompany opiate use, a better understanding of specific
pain pathways and the role that the immune system plays in mediating and modulating pain
in infants and children can provide new targets that can guide the development of more
effective therapeutic approaches to treating infants and children in pain.
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Figure 1. Behavioral effects of SC560 and NS398
All pups were injected with formalin since saline injections to the paw do not produce

nociceptive responses. The nociceptive response is on the Y-axis. The gray shaded area is
the 95% confidence interval for the vehicle + formalin treated pups. The confidence interval
shows both the effect size and significance (points outside the 95% confidence interval are
significant p<.05) for individual bins. There was no drug effect or drug X bin interaction at 3
or 10 days of age for either drug, although there was a trend for SC560 to increase
responding at 10 days of age. In contrast, at 21 days of age both drugs were equally effective
at reducing the nociceptive response. The effect is consistent at all phases of the response.
N=8, 9, and 8 for PN3, PN10 and PN21 for SC560; N=8, 12, and 8 for PN3, PN10 and
PN21 for NS398.

Dev Neurobiol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hunter et al.

Page 14

c-Fos Time Course
PNO3 PN21
3.0
o 25
2
S 20
S 15
% | | Tllll. '
L ]
-1.5
s T 2 a8 05 1 2 4 8 24
Hours after Formalin Injection
Three day old Twenty-one day old
2.0 2.0
S S
g 1.5 g 1.5
< -— 1 I o
(&) O a— —
s, [EET 3
£ o .
o 15 Q 15
2.0 2.0
3.0 10.0 30.0 30 10.0 30.0 3.0 10.0 30.0 3.0 10.0 30.0
SC560 NS398 SC560 NS398

Figure 2. Effects of formalin and SC560 and NS398 on c-fos mMRNA
Panel A. This panel shows the effects of the formalin injection on c-Fos mRNA. c-Fos

mRNA was increased for 2—4 hours after the injection in the ipsilateral spinal cord dorsal,
consistent with the literature. Panel B. In the 3 day old pups, neither drug reduced c-fos
mRNA. All fold changes were <1.5. Panel C. Both NS398 and SC560 reduced c-fos mMRNA
between 1.5-1.8 fold in the 21-day-old pups compared to the drug vehicle. N=7-9 per time
point at each age. N for the drug effect on c-fos was 4 for PN3 and PN21.
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Figure 3. Behavioral effects of L PS effects formalin test
LPS treated animals were compared to their within-litter vehicle controls at each of 4 times

post-LPS injection. The top panels show the pretreatment effects of LPS compared to saline
in the formalin test. The bar graphs show the data collapsed over all bins. For the 3-day-old
pups, there were no significant interactions between the LPS treatment and the formalin time
scores at 4, 8 or 72 hours post-LPS but a significant interaction at 16 hours. The major effect
of LPS at this time was in the interphase. When the overall treatment effect was analyzed,
LPS enhanced responding at 16 and 72 hours. For the PN21 pups, there were significant
interactions at 4 and 8 hours, with the major effects seen in phase 2. There were overall
treatment effects, with LPS enhancing nociception. N=7 and 9 for the PN3 and PN21
respectively. *=p<.05; **=p<.01; ***=p<.001.
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Figure 4. LPS effects on immune markers
At 4 and 16 hours after LPS + formalin injection, all proinflammatory cytokines were

elevated at both ages, compared to saline + formalin controls. Microglial and astrocyte
markers were also significantly elevated but to a lesser degree. All genes declined to
baseline by 72 hours. N=6 for each condition. Posthoc significance levels: *=p<.05; **=p<.
01; ***=p<.001; ****=p<.0001.
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